Accurate and reliable quantitative neuromuscular function monitoring is desirable for the optimal management of neuromuscular blockade, selection of the most appropriate reversal agent and dosage, and assessing the completeness of reversal to exclude residual neuromuscular blockade. Applying preload to the thumb may affect the precision of electromyography. This study compared the precision and agreement of electromyography with and without preload during recovery from non-depolarising neuromuscular blockade. After induction of anaesthesia and before neuromuscular blockade, the supramaximal current required at the first dorsal interosseous muscle with and without preload was determined. During recovery, train-of-four ratios were recorded using electromyography every 20 seconds. Alternating pairs of measurements (with and without preload) were obtained until spontaneous recovery was achieved. The preload device applied a resting tension of 75-150 g to the thumb. Bland-Altman analysis for repeated measurements was used to assess precision and agreement of electromyography responses with and without muscle preload. Two hundred and seventy-five sets of repeated measurements were collected from 35 participants. The repeatability coefficient for train-of-four ratios recorded by electromyography with a preload was 0.030 (95% confidence intervals, CI, 0.028 to 0.031) versus 0.068 (95% CI 0.064 to 0.072) without. Train-of-four ratios with preload demonstrated a bias of +0.038 (95% CI 0.037 to 0.042) compared to electromyography without, with 95% limits of agreement of 0.035-0.111. Preload significantly improved the precision of electromyographic train-of-four ratios, with 95% of consecutive measurements differing by less than 3%. Furthermore, electromyography with preload demonstrated a positive bias of 0.04 compared with electromyography alone, the clinical significance of which requires further research.
. International surveys have shown that as few as 18% of anaesthetists use quantitative neuromuscular function monitoring (NMFM) routinely 3, 4 . Clinical signs of muscle weakness cannot exclude RNMB. Objective, quantitative NMFM is necessary to ensure the train-of-four (TOF) ratio exceeds 0.90 prior to extubation of the trachea to exclude RNMB 5, 6 . Accordingly, current recommendations recommend NMFM, which includes kinemyography, electromyography (EMG) or acceleromyography (AMG) to assess both the depth of and recovery from neuromuscular blockade 7, 8 . Ideally, NMFM should be inexpensive, safe, non-invasive, easy to set up, and should provide precise and accurate data.
Electromyography has been proposed as the clinical gold standard 5, 9 . It is most commonly used with ulnar nerve stimulation and measurement of the evoked compound action potential of the adductor pollicis (AP), abductor digiti minimi (ADM) or the first dorsal interosseous (FDI) muscles. The FDI has similar muscle responses when compared to the AP muscle, and is said to produce a larger compound evoked muscle action potential 10, 11 . However, there may be some limitations on its precision 10, 12 . Preload, applied using a simple mechanical device (TOF-watch hand adapter) that separates the thumb and index finger, has been shown to improve the precision of AMG [13] [14] [15] . This fixation of the thumb, effectively applying a small preload or stretch may also improve EMG results by reducing changes in the position of the electrodes in relation to the muscle 16 . This study investigated the precision, bias, and limits of agreement of EMG recordings at the FDI, with and without a preload, using TOF stimulation of the ulnar nerve under general anaesthesia, during spontaneous recovery from nondepolarising neuromuscular blockade. It was hypothesised that the application of a preload tension to the FDI muscle would improve the precision of the EMG recordings when measuring the response to TOF stimulation.
Materials and methods
After approval by the Human Research and Ethics Committee of Sydney Adventist Hospital (EC:00141-2016:036), written informed consent was obtained from adults undergoing elective surgery requiring neuromuscular blockade. Exclusion criteria were pre-existing neuromuscular conditions, age less than 18 years, allergy to electrode adhesive, or difficult access to the hand during surgery. The following patient characteristics were collected: weight, height, age, sex, dominant hand and the hand that monitoring was conducted on.
This study followed the recommendations of the Stockholm revision of the Good clinical research practice in pharmacodynamic studies of neuromuscular blocking agents 17 . The anaesthetist in charge of each patient maintained clinical independence from the study. Electromyography with and without preload was monitored on the same arm, using the Datex-Ohmeda Electrosensor (NMT-EMG with software 891647-2.0, Datex-Ohmeda, Helsinki, Finland). The preload device used was a commercially available mechanical hand adaptor (Model 79950209, Schering-Plough Corporation, NJ, USA) which applied a resting tension of 75-150 g to the thumb ( Figure 1) . It was applied to or removed from the thumb according to the recording sequence described in Figure  2 . Preparation of the skin and placement of the surface electrodes (five Ag/AgCl Paediatric Micropore TM backed 7 mm diameter electrodes [3M, St Paul, MN, USA] followed the recommendations of Smans et al 18 . The skin surface was maintained above 32°C using a forced-air warmer 17 . Temperature was monitored with a skin thermistor (DatexOhmeda GE skin temperature probe and adapter cable, 400 series).
After intravenous induction of anaesthesia with propofol, the supramaximal stimulating current was established with and without the preload on the thumb, prior to establishment of neuromuscular blockade with either vecuronium or rocuronium. TOF stimulation with pulse width 200 μs and frequency 2 Hz was delivered every 20 seconds. Data recording began once the TOF ratio (the ratio between the amplitude of the fourth and the first twitch, i.e. T₄/T₁) recovered to 0.20 and continued until the TOF reached 1.00 or a reversal agent was administered. A standard comparison period consisted of two TOF ratios measured without preload followed by two TOF ratios measured with preload over a total of 80 seconds. Two further TOF ratios were measured with preload to establish a control period to evaluate the degree to which spontaneous recovery from neuromuscular blockade could contribute to the difference observed during a standard comparison period ( Figure 2 ).
Statistical analysis
Bland-Altman analysis for repeated TOF measurements with and without preload was used to determine the repeatability coefficient, bias, and limits of agreement at each level of recovery, divided into 10-percentile TOF bands. The repeatability coefficient evaluates the precision of a measurement method. A small repeatability coefficient represents high precision. Bias and limits of agreement assess agreement between two measurement methods. A small bias with narrow limits of agreement represents a high degree of agreement and interchangeability.
Data were analysed using the statistical software R (version 3.4.1, R Foundation for Statistical Computing, Vienna, Austria). To ensure data independence, one standard comparison period and one control period were randomly selected from each patient within each 10-percentile TOF band. 
Precision
The 95% repeatability coefficient (r) was calculated from one-way analysis of variance of repeated measurements ( , where was estimated by the square root of the residual mean square). The interval (-r, r) captures 95% of differences between successive TOF ratios measured by the same method.
Agreement
The bias ( ) was calculated as the mean difference between the TOF ratios measured by two methods. The limits of agreement (L) were defined as 1.96 standard deviations of the difference between TOF ratios measured by two methods on either side of the bias ( , where was estimated from ) and capture 95% of differences between the TOF ratios measured by two methods.
Clinical acceptability
It was pragmatically defined that a repeatability coefficient of less than 0.025 was clinically acceptable for the measurement of TOF ratios.
Sample size and significance
An a priori sample size calculation was performed on the basis of ensuring reliable estimates of the repeatability coefficient and bias, with 95% confidence intervals (CI) within ± 0.025. Based on a pilot study (n=10), and were estimated to be 0.032 and 0.036, respectively. As such, a minimum of 24 participants would be required to obtain a reliable estimate of the repeatability coefficient, and a minimum of 31 participants for a reliable estimate of the bias.
Results
Thirty-five sets of comparisons with and without preload were collected from 37 patients. Two sets of comparisons were excluded as the patients did not achieve a complete spontaneous recovery before reversal. The characteristics of the study population are shown in Table 1 .
The average supramaximal stimulus required with preload was lower (35.82 mA) than without preload (39.56 mA), (P <0.001). Skin surface temperature was not recorded in three subjects.
Precision
Based on 275 sets of repeated measurements (i.e. up to 8 per patient, Figure 2 ), the 95% repeatability coefficient for TOF ratios recorded by EMG with preload at the FDI was lower across all TOF bands and on average 0.030 (95% CI 0.028 to 0.031) compared with 0.068 (95% CI 0.064 to 0.072) without preload ( Table 2 ). This means that 95% of repeated measurements with preload varied by <±0.03. This is significant as the confidence intervals of precision with and without preload do not overlap, and the difference between them exceeds our a priori definition of clinically acceptable. Further, the improvement in precision with preload was maintained at the clinically significant TOF interval of 0.80-0.99, where recovery is assessed.
Repeatability coefficient and 95% confidence intervals for electromyography train-of-four with and without preload, stratified by train-of-four range and overall

Without preload
Bias and limits of agreement
Electromyography TOF ratios with preload demonstrated a mean bias of +0.038 (95% CI 0.034 to 0.043), shown in Figure  3 . Analysis of control comparisons of EMG with preload against itself showed the bias due to spontaneous recovery was not significant at 0.010 (95% CI 0.008 to 0.012).
Discussion
This study found that the application of a preload to the thumb improved the precision of EMG TOF measured at the FDI, assessed with the repeatability coefficient. Application of preload also led to a bias of +0.038 (95% CI 0.034 to 0.043) overall, which cannot be accounted for by the small bias of 0.010 (95% CI 0.008 to 0.012) due to spontaneous recovery of the patient. The difference in precision and bias between readings with and without preload exceeded our a priori definition of clinical significance.
Whilst several studies have alluded to the potential benefit of preload or a fixation device to improve EMG 16 , only three studies have investigated its impact on EMG readings [19] [20] [21] [22] . Kosek et al 22 examined variations in the amplitude of EMG recordings with changes in hand position following ulnar nerve stimulation without preload at the AP. He observed large movements of the skin and electrode with respect to the underlying muscle. These movements were reduced by securing the arm to an armboard. He did not study the effects of the application of preload device on the recordings. This assessment was qualitative and observational. Paloheimo 1988 20 commented on Kosek's observations, stating that constant pre-tension on the recording muscle is essential to remove movement artefact. Kopman 21 showed that the addition of preload to the AP increased the effective dose to produce 95% reduction in twitch height (ED 95 ) of d-tubocurarine by 14%. Only one paper has investigated the FDI, with Kopman 19 finding that the ED 95 of metocurine required to reduce twitch height by 95% was increased by 18% in the presence of preload, suggesting that preload may eliminate any under-reading of EMG compared with mechanomyography. None of these studies evaluated the validity of preload, or compared either the precision or bias of EMG with and without preload, although this has been shown to be the case for AMG 12, 23, 24 . The improved precision of EMG with preload may be due to the decreased movement of the surface electrode in relation to the muscle. Such movement could result in the electrodes measuring different parts of the muscle with differing density 22 , resulting in variable readings. Furthermore, the application of a preload may reduce the amount of 'skin bunching' that results from repeated ulnar nerve stimulation. This conserves the distance of the recording electrode from the muscle, also resulting in more consistent, precise readings.
The positive bias in TOF values found with the application of a preload suggests that it may have affected the measurement to imply an earlier recovery from blockade. Whilst the mechanism behind this early recovery is not well understood and was not explored in this study, Kopman et al 19 suggested that preload, by abducting the thumb, reduced the distance between the recording electrode and the muscle, resulting in a larger muscle contraction, and hence larger signal, that does not underestimate recovery from residual blockade. Further, it has been previously shown that the application of a preload prolonged the muscle compound action potential of EMG at AP 25 . The effect of preload on the compound evoked muscle action potential suggests a possible mechanism for the increase in precision and earlier recovery that we observed.
Our study has several strengths. All patients acted as their own controls, so inter-individual variations are avoided. Measurements were performed on the ipsilateral arm so eliminated differences that may be seen when comparing monitoring in contralateral arms. These differences may be induced by variations in electrode position, impedance, arm dominance, muscle size, hand temperature 25 , blood flow and other effects that may be induced by the use of a noninvasive blood pressure cuff and intravenous infusions. All measurements were made during spontaneous recovery of neuromuscular function, removing the potential recording compromise that may occur if measurements are taken during the accelerated recovery after pharmacological reversal. Our concurrent assessment of the effect of baseline change due to spontaneous recovery allowed us to evaluate its impact as a potential confounder. Comparisons were made across all TOF bands, and were consistent despite the degree of neuromuscular blockade.
There are some potential weaknesses in our study. The preload device was one size, and so would provide a different preload depending on the size of the subject's hand. This study did not attempt to quantify the weight of preload applied, nor did it eliminate movement of the hand produced by stimulation of the ulnar nerve. In addition, the patient population had an average body mass index above the preferred standard of the Stockholm recommendations 17 , and the study did not control for testing on the dominant or non-dominant hand, which may show variability due to the potential for increased blood flow and receptor density.
Finally, this study made comparisons between preload and no preload on the ipsilateral arm. It is possible that applying and removing the preload could have affected the relative position of the recording electrodes relative to the muscle, and hence affected the evoked muscle action potential. However, since this study compared the ratio of the fourth to the first twitch (TOF stimulation) the ratio should not be affected. Similar improvements in precision were seen across all TOF ratios.
Electromyography at the abductor digiti minimi (ADM) without preload has similar precision to the FDI with preload and has similar earlier recovery characteristics that were found in this study 12 . Therefore EMG monitoring at the ADM may be a more practical choice for the anaesthetist. Further studies directly comparing EMG at the ADM with that at the FDI with preload, including additional parameters such as the amplitude of the twitch height and variations in the calculations of integration of specific areas of the compound evoked muscle action potential, would be welcome. Further development of easy-to-use hand adapters of variable size and adjustable preloads may be useful.
In conclusion, we found that application of a preload increases precision when measuring the EMG TOF at the FDI during spontaneous recovery from neuromuscular blockade. We also observed that application of a preload had a positive bias. This positive bias suggests that EMG without preload could overestimate RNMB, and that EMG with preload, a more precise measurement, may be more clinically suitable.
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